Accumulation of somatic mutations is thought to contribute to the aging process. Genomic instability has been shown to increase during aging, suggesting an aberrant function of DNA doublestrand break (DSB) repair. Surprisingly, DSB repair has not been examined with respect to cellular senescence. Therefore, we have studied the ability of young, presenescent, and senescent normal human fibroblasts to repair DSBs in transfected DNA by using a fluorescent reporter substrate. We have found that the efficiency of end joining is reduced up to 4.5 fold in presenescent and senescent cells, relative to young cells. Sequence analysis of end junctions showed that the frequency of precise ligation was higher in young cells, whereas end joining in old cells was associated with extended deletions. These results indicate that end joining becomes inefficient and more error-prone during cellular senescence. Furthermore, the ability to use microhomologies for end joining was compromised in senescent cells, suggesting that young and senescent cells may use different end joining pathways. We hypothesize that inefficient and aberrant end joining is a likely mechanism underlying the age-related genomic instability and higher incidence of cancer in the elderly.
A ccumulation of somatic mutations is considered to be a contributing cause of aging. Age-associated decline in the function of base excision repair has been documented in nuclear protein extracts from tissues of aged mice (1, 2) , in rat neurons (3) , and in human skin (4) . Studies using transgenic mice carrying chromosomally integrated lacZ (5) or lacI (6, 7) reporter genes have shown that point mutations in the reporter gene accumulate with age (5, 7) and that the mutation rate is higher in old animals (7) . Whereas young animals accumulate mainly point mutations, old animals begin to accumulate large genomic rearrangements (8) , which is consistent with cytogenetic studies, showing that cells isolated from old animals contain high numbers of abnormal chromosomes (9) (10) (11) . A recent study in yeast showed a dramatic increase in genomic rearrangements during yeast aging (12) . Rearrangements result primarily from errors in repair of double-strand breaks (DSBs), which suggests that changes in DSB repair contribute to the aging process. The relevance of DSB repair to the aging process is further underscored by the finding that the number of DSBs is increased in tissues of old mice (13) .
DSBs are repaired in two ways: by homologous recombination and by nonhomologous end joining (NHEJ). Homologous recombination typically copies the missing information from the sister chromatid into the break site, resulting in exact reconstitution of the original sequence. In contrast, NHEJ fuses the two broken ends, with little regard for homology, leading to deletions and other rearrangements. Growing evidence suggests that there are multiple pathways for NHEJ. The best understood pathway involves the heterodimeric Ku protein, DNA-dependent protein kinase, and the DNA ligase IV-XRCC4 complex (14) . However, end joining occurs in cell-free extracts lacking Ku or DNA-PK, indicating the existence of additional Ku-independent pathways of NHEJ (15, 16) . In addition, extracts of cells from Fanconi anemia, a disease characterized by chromosomal instability and predisposition to cancer, have a deficiency in an NHEJ process that appears to be independent of DNA-PK͞Ku (17) . Finally, genetic analysis of end joining in yeast confirms the existence of Ku-independent pathways (18) .
The role of DSBs in aging is supported by studies showing that mutations in the genes involved in DSB repair and recombination lead to accelerated aging and cellular senescence. The premature aging syndrome, Werner syndrome, is caused by a mutation in the WRN gene that encodes a helicase involved in DSB repair by homologous recombination (19, 20) and NHEJ (21) , and possibly telomere maintenance (22) . Cultured somatic cells from Werner patients display an increased rate of genome rearrangements (23) and extensive deletions during NHEJ (24) . Ku86 knockout mice, which are completely defective in the classic pathway of NHEJ, display various symptoms of accelerated aging (25) . Disruption of the mouse ERCC1 gene results in DNA repair deficiency and senescence (26) , which is consistent with the idea that DSB repair plays an important role in the aging process. The tumor suppressor p53 protein provides a further link between DSB repair and senescence. p53 is a major regulator in the DNA-damage response (27, 28) , it is also essential for induction of cellular senescence (29) , and has been implicated in regulating homologous recombination (30) (31) (32) and NHEJ (33) (34) (35) . Thus, p53 plays a major role in both the induction of senescence (36) and the regulation of DSB repair (33) (34) (35) 37) .
Here, we examined the status of end joining during cellular senescence of normal human fibroblasts, by using a fast-readout plasmid-rejoining assay. To date, it is unclear whether plasmid rejoining in human cells reflects the process controlled by DNA-PK͞Ku or alternative NHEJ pathways. Ku-deficient yeast strains show a dramatic decrease in plasmid rejoining (38, 39) , whereas several studies in Ku-and XRCC4-deficient rodent cell lines failed to demonstrate a significant defect (40, 41) . In contrast, LIG4-null human cells lines and cells from LIG4 syndrome patients are markedly impaired in plasmid rejoining (42) , arguing that this assay monitors the DNA-PK͞Ku͞ XRCC4͞LIG4 pathway in human cells. Notably, knockout studies suggest that humans and rodents may differ in their use of NHEJ pathways, because murine knockouts of the components of DNA-PK complex are viable, whereas no human patient has been described with a mutation of Ku86 or Ku70, and the Ku86 locus was shown to be essential in human somatic tissue culture cells (43) .
The plasmid rejoining assay has proven to be an important tool for examining both the efficiency and fidelity of the end-joining process, especially in the analysis of human primary cells with limited lifespan, where the establishment of stably integrated clones is not feasible. Plasmid end-joining assays in cells have been used to demonstrate the defect in the fidelity of DNA repair in Fanconi anemia (44) , the reduction in the efficiency of joining (45) , and change in the spectrum of NHEJ products (46) in Bloom syndrome cells, the abnormal processing of ends in Ataxia telangiectasia (47) and BRCA1-mutant cells (48) , and the extensive deletions that occur at plasmid ends during end joining in Werner syndrome cells (24) . Thus, NHEJ activity, as measured by the plasmid assay, has yielded important insights into the physiology of human disease.
We report here for the first time, to our knowledge, that the efficiency of end joining is reduced in presenescent and senescent cells. The end junctions in presenescent and senescent cells are associated with extensive deletions. These results indicate that end joining becomes inefficient and more error-prone during cellular senescence, and suggest a mechanism for agerelated genomic instability.
Materials and Methods
Construction of Plasmids. GFP-Pem1 plasmid was kindly provided by L. Li, University of Texas, M. D. Anderson Cancer Center, Houston. This plasmid consists of a modified pEGFP-N1 (Clontech), in which the enhanced GFP (EGFP) gene is interrupted by the Pem1 intron. The Pem1 intron is efficiently spliced and does not affect GFP expression. To construct GFP-Pem1-Ad2 (NHEJ substrate), the HindIII site in the EGFP polylinker was removed by XhoI͞SalI digestion and self-ligation of GFP-Pem1 plasmid. The adenoviral major late mRNA leader sequence (adenoviral exon 2) was then inserted into the HindIII site within the Pem1 intron. Plasmid pSP65-Ad, which contains wild-type adenoviral exon 2, was kindly provided by S. Berget, Baylor College of Medicine. The entire adenoviral exon 2, including splice sites, was PCRamplified with primers containing HindIII sites and inverted I-SceI sites. The construct was verified by sequencing, and GFP activity was analyzed by f luorescent microscopy and f luorescence-activated cell sorter (FACS) analysis.
End-Joining Assay, Transfection, and FACS Analysis. The experimental strategy for the NHEJ assay is depicted in Fig. 5 , which is published as supporting information on the PNAS web site. The NHEJ reporter plasmid was digested with HindIII or I-SceI (Roche Applied Science) for 6 h and purified by using a Qiagen gel extraction kit. Aliquots were analyzed by gel electrophoresis to confirm complete digestion. Normal human fibroblasts were transfected by using an Amaxa Nucleofector according to manufacturer's instructions. In a typical reaction, 1 ϫ 10 6 cells were transfected with 0.5 g of predigested NHEJ reporter substrate along with 0.1 g of pDsRed2-N1 (Clontech) to serve as transfection control. Expression of GFP and DsRed was monitored by fluorescence microscopy (Nikon, Eclipse TE2000-U). Maximum expression of both GFP and DsRed was observed 48-72 h after transfection. After transfection, cells were incubated for 72 h. Cells were harvested, resuspended in 0.5 ml of PBS, pH 7.4 (GIBCO, Invitrogen), and analyzed by FACS (Beckman Coulter, EPICS XL-MCL, by using SYSTEM II, VER-
Further information on cell lines and growth conditions and plasmid rescue may be found in Supporting Text, which is published as supporting information on the PNAS web site.
Results

Fluorescence-Based Assay for End Joining in Human Cells.
To examine the changes in end joining during cellular senescence, we constructed a reporter substrate that allows detection of a wide spectrum of NHEJ events (Fig. 1A) . The substrate consists of a GFP gene, engineered to contain a 2.4-kb intron from Rattus norvegicus Pem gene (GFP-Pem1). The Pem intron is efficiently spliced out and does not affect GFP expression. Upon induction of a DSB within the intron, a wide spectrum of NHEJ events can restore GFP activity because the intron can tolerate large insertions and deletions. Subsequent analysis of NHEJ events showed that deletions large enough to disrupt the GFP ORF represented Ͻ10% of the end-joining events, indicating that the GFP activity of NHEJ reporter substrate provides a representative measure of end-joining efficiency.
Because we wanted the starting substrate to be GFPϪ, we inserted exon 2 from adenovirus into the middle of the Pem1 intron. This exon is efficiently spliced into the middle of the GFP ORF, killing GFP activity. On both sides of the killer exon, we introduced recognition sites for I-SceI (in an inverted orientation) and HindIII (Fig. 1B) . Cleavage with either of those endonucleases removes the killer exon, and successful DSB repair reconstitutes GFP activity.
To examine the changes in the efficiency of end joining during cellular senescence, we used two normal human diploid fibroblast cell lines, WI-38 and HCA2. WI-38 cells are fetal lung fibroblasts, and HCA2 cells are foreskin fibroblasts. Both cell lines have been extensively characterized with regard to cellular senescence. The cells were passaged to senescence, and aliquots were frozen at each passage for use in subsequent experiments. HCA2 cells senesced at a population doubling (PD) of 70, and WI-38 senesced at PD 72. A shorter lifespan (50 Ϯ 10 PD) has been reported for WI-38 cells (American Type Culture Collection); however, the growth condition that we developed for these cells (see Materials and Methods) consistently resulted in a longer lifespan. Cells at PD 25-32 were defined as young, cells at PD 58-62 (Ϸ10 PDs before the arrest of cell division) were defined as presenescent, and cells that had stopped proliferation (PD 70ϩ) were defined as senescent.
Cells were transfected with the I-SceI-or HindIII-digested NHEJ reporter substrate and the DsRed expression vector to normalize for transfection efficiency. Transfections were performed by using Amaxa electroporation, which, at high DNA concentrations (5 g), yields 90-95% transfection efficiency in the young cells and 70-75% transfection efficiency in presenescent and senescent cells (data not shown). Cells were incubated for 72 h to allow expression of GFP (green fluorescence) and DsRed (red fluorescence), and were analyzed by flow cytometry. Cells were analyzed on a red-versus-green fluorescence plot. The gating for GFPϩ or DsRedϩ cells was determined in each experiment by using cells transfected with GFP-Pem1 (green), or pDsRed2-N1 (red), or pHPRT (negative control) plasmids ( Fig.  2A) . To analyze the products of end joining, genomic DNA was extracted, the repaired NHEJ reporter substrates were rescued by transformation into Escherichia coli, and the fidelity of NHEJ events was examined by sequencing.
To determine the relationship between the number of repaired NHEJ substrates and percent of GFPϩ cells, we transfected normal human fibroblasts with increasing concentrations of GFP-Pem1 vector mixed with 0.1 g of pDsRed to normalize for transfection efficiency. The percentages of GFPϩ and DsRedϩ cells were determined by FACS analysis. The ratio of GFPϩ to DsRedϩ cells was plotted as a function of the amount of GFP-Pem1 vector (Fig. 2B) . The number of GFPϩ cells reached saturation when 0.75 g or more of circular GFP-Pem1 was transfected. Therefore, in all experiments, we used 0.5 g of digested NHEJ substrate and 0.1 g of the DsRed expression vector. The various ratios of GFPϩ͞ DsRedϩ cells obtained upon transfection with the digested NHEJ substrate are shown in the shaded area in Fig. 2B , where there is a close to linear dependence on the amount of input DNA. The observed ratio is less than expected for 0.5 g of GFP vector, because the efficiency of NHEJ is Ͻ100%. To calculate the percentage of ligated NHEJ substrate, the GFPϩ͞DsRedϩ ratio obtained from 0.5 g of linear NHEJ substrate was first converted to an equivalent amount of circular GFP expression vector by using the standard curve in Fig. 2B . The percentage of ligated ends was then calculated as equivalent circular DNA over 0.5 g ϫ 100%.
Efficiency of End Joining Is Reduced in Presenescent and Senescent
Cells. Young, presenescent, and senescent cells were cotransfected with the NHEJ reporter substrate, digested with either I-SceI or HindIII, and with the DsRed expression vector, as described above, and the percentages of GFPϩ and DsRedϩ cells were determined by FACS analysis. The percentage of GFPϩ cells corresponds to the frequency of NHEJ events. To normalize for the efficiency of transfection, the ratio of GFPϩ to DsRedϩ cells was used as a measure of NHEJ efficiency. The percentage of ligated NHEJ substrates was calculated as described above.
We observed a striking (up to 4.5 fold) reduction in the efficiency of end joining in senescent cells compared with young cells (Fig. 2C) . NHEJ of cohesive HindIII ends was more efficient than that of incompatible I-SceI ends, and WI-38 cells were, generally more efficient at NHEJ than were HCA2 cells. However, in each experimental group, the efficiency of NHEJ was reduced in presenescent cells compared with young cells, and was further reduced in terminally senescent cells. When circularized NHEJ plasmids and DsRed plasmids from human fibroblasts were rescued in E. coli, the ratio of NHEJ plasmids to DsRed plasmids was lower in presenescent and senescent cells, which is in agreement with the FACS data (Fig. 6 , which is published as supporting information on the PNAS web site).
To rule out the possibility that the differences in NHEJ efficiency between young, presenescent, and senescent cells were due to different rates of cell division, we tested NHEJ in young, confluent cells. Cells were grown to confluence and kept there for 7 days, electroporated with the NHEJ substrate, and were then plated at high density to prevent resumption of cell division. The incorporation of 3 H thymidine 24 h after plating indicated that fewer than 1% of cells in the culture were dividing (data not shown). The efficiency of end joining in young nondividing cells was equivalent to that of young cells (Fig. 2C) , arguing that the decline in NHEJ during cellular senescence does not depend on cell division. This conclusion is further supported by the result with presenescent cells, which have a significantly reduced efficiency of NHEJ but only a slightly longer doubling time than young cells (18-20 h in presenescent cells versus 15-16 h in the young cells, data not shown), again suggesting that cell division is not required for NHEJ.
To rule out the possibility that the time cells spent in culture, or ''cell culture shock,'' rather than onset of cellular senescence, might be responsible for the decline of NHEJ, we used HCA2-hTERT and WI-38-hTERT cells, immortalized by expression of the catalytic component of human telomerase. At the time of testing, both HCA2-hTERT and WI-38-hTERT cell lines had undergone Ͼ100 PD, and had spent a longer time in culture than the senescent cells. The efficiency of NHEJ in hTERTimmortalized cells was equivalent to that of young cells (Fig. 2C) . Thus, cell culture stress is not responsible for the observed decline of NHEJ during senescence. Collectively, these data indicate that the decrease in the efficiency of NHEJ is due to the process of cellular senescence.
End Joining in Presenescent and Senescent Cells Is Associated with
Larger Deletions. To determine whether the fidelity of NHEJ changes during cellular senescence, we rescued the repaired NHEJ substrates in E. coli, sequenced the junctions, and compared the deletion sizes among young, presenescent, and senescent cells. The plasmid rescue procedure is described in the supporting information on the PNAS web site. A total of 222 independent clones were analyzed (71 clones from young, 75 clones from presenescent, and 76 clones from senescent cells, and in each category, half of the clones were obtained from WI-38 cells and half from HCA2 cells). The complete list of deletions in the rescued products is shown in Table 1 , which is published as supporting information on the PNAS web site. In 38 of the 222 clones, the ends had been precisely ligated, whereas the remainder contained deletions of various lengths, ranging from 1 nucleotide to 5 kb (the maximum deletion that can be tolerated to maintain the E. coli origin of replication and antibiotic resistance in NHEJ reporter plasmid). To facilitate comparison, the clones were grouped into four classes according to deletion size, as shown in Fig. 3 , where deletion size was calculated as a sum of deletions from both ends. In the young cells, NHEJ of both HindIII-and I-SceIinduced breaks was preferentially precise, or associated with small deletions, whereas, as cells progressed to senescence, end-joining products contained larger deletions (Fig. 3) . 2 tests indicate that for both HindIII-and I-SceI-induced breaks, the distribution of deletion sizes in NHEJ products from young cells is significantly different from presenescent cells [P( 2 )Ͻ0.05], and possibly different from senescent cells [P( 2 )Ͻ0.1]. Overall, the average deletion size was 316 bp in the young cells, 1,247 bp in presenescent cells, and 718 bp in senescent cells. The average deletion size in presenescent and senescent cells was significantly larger than in the young cells (P Ͻ 0.001, t test). To rule out that the average deletion size is inf luenced by few very large deletions, we also determined the median deletion size, which was 10 bp in the young cells, 1,074 bp in presenescent cells, and 83 bp in senescent cells. The median deletion size in presenescent and senescent cells was significantly larger than in the young cells (P Ͻ 0.001, t test). Thus, NHEJ in presenescent and senescent cells is associated with larger deletions, suggesting that the fidelity of NHEJ declines during cellular senescence.
Senescent Cells Do Not Use Microhomologies for End Joining. Analysis of the products of NHEJ that had lost one or more nucleotides from the ends revealed three major classes of junctions: junctions with no homology, junctions at regions of microhomology, and junctions containing insertions (1-410 bp). We compared the percentage of each type of junction among the clones rescued from young, presenescent, and senescent cells. There was no significant difference between young and presenescent (P ϭ 0.86, t test) and between young and senescent cells (P ϭ 0.25, t test) in the frequency of insertions (Fig. 4A) . However, the frequency NHEJ without microhomology increased as cells progressed to senescence (Fig. 4B) . Junctions with no homology constituted 10% from the total junctions with deletions rescued from young cells, 17% from presenescent cells, and 50% from senescent cells. We calculated that the probability of finding microhomology by chance is 44%; i.e., if the ends were joined randomly, 56% of the junctions would not contain microhomology. To calculate this number, we classified the 1,357,800 junction scenarios resulting from all possible deletions at the DSB in the PEM1 intron (1.5 kb from either end) as either containing a microhomology, or not containing a microhomology. We identified 76,1867 (56%) of the junctions as not having a microhomology. Subsequent analysis of all possible deletions of smaller portions of the PEM1 intron yielded the same percentage of junctions without microhomology. Previous theoretical calcu- Fig. 3 .
Distribution of deletion sizes among young, presenescent, and senescent cells. A total of 222 clones were analyzed. The clones were grouped according to the deletion sizes. PL, precise ligation. The complete list of deletions in the rescued products is shown in Table 1 .
lations suggest that this proportion is independent of deletion size, assuming an equal usage of the four nucleotides (49) .
The frequency of junctions without microhomology in young and presenescent cells was significantly different from random (P Ͻ 0.001, t test). However, the frequency of junctions without microhomology in senescent cells was not statistically different from random (P ϭ 0.64, t test), indicating that the ability to use microhomologies for NHEJ may be compromised in senescent cells.
Discussion
Decline of End Joining During Senescence. Despite a large body of data that implicates the involvement of DSB repair in aging and cellular senescence (8, 13, 19, 25, 26, 36) , age-associated changes in DSB repair have received little attention. Here, we present a systematic study of end joining with respect to cellular senescence. We have developed a sensitive fluorescence-based assay for NHEJ in human cells that detects a wide range of NHEJ products. By using this assay, we showed that the efficiency of end joining declines during cellular senescence in human diploid fibroblasts. NHEJ begins to decline before the terminal growth arrest in presenescent cells and continues as the cells become nondividing. This senescence-associated decline in end joining is likely to be a general phenomenon, because it was shown in two different normal fibroblast cell lines (lung and foreskin) by using two types of DSBs.
The efficiency of end joining was not compromised in young, nondividing cells, which rules out the possibility that the decline of NHEJ is caused by differences in rates of cell division. In addition, hTERT-immortalized cells, which had spent more time in culture than senescent cells, had levels of NHEJ similar to that of young cells, demonstrating that the reduced efficiency of NHEJ in presenescent and senescent cells is not due to cellculture stress.
In addition to the reduced efficiency of end joining, we have demonstrated that the fidelity of NHEJ is compromised in presenescent and senescent cells. Older cells do not perform precise ligation of cohesive ends efficiently, and tend to generate larger deletions at the junctions. Such a shift toward larger deletions might be explained by a competition between exonucleases and NHEJ activities at the sites of DSBs. The drop in efficiency of end joining in senescent cells may allow more time for exonuclease degradation of the ends, leading to larger deletions. The efficiency of NHEJ was more severely affected in terminally senescent cells, whereas the deletion size was greater in presenescent cells. This apparent discrepancy might be due to higher exonuclease activity in actively dividing presenescent cells versus growth-arrested senescent cells. In this regard, it is interesting to note that the exonuclease activity responsible for processing broken DNA ends is repressed in G 1 -arrested Saccharomyces cerevisiae cells (G. Ira and J.E. Haber, personal communication), a situation that may be similar to that in G 0 -arrested senescent cells. Another difference in the way senescent cells process DNA ends was that the ability to use microhomologies for end joining was compromised in senescent cells compared with young cells. Interestingly, extracts from Bloom's syndrome cells are unable to use microhomologies for NHEJ (46) , suggesting that specific proteins, possibly RecQ helicases, lose their function in senescent cells. Because more than one NHEJ pathway is likely to operate in human cells, it is possible that a choice of NHEJ pathway changes during cellular aging. Future experiments aimed at comparing protein requirements for NHEJ in young and senescent cells will help to elucidate the specific NHEJ pathways that are used by cells at different points of their lifespan.
The Role of Age-Related Decline of NHEJ in Tumorogenesis. Cancer incidence increases exponentially near the end of human life (50) . Chromosomal abnormalities are a hallmark of most tumors, and genomic instability is believed to be a prerequisite for tumorigenesis (51) . It has been observed that tissues of old animals accumulate genomic rearrangements (7) (8) (9) (10) (11) . Our results suggest a mechanism for this age-related pathology. Reduced efficiency of NHEJ may lead to persistent DSBs. Indeed, a recent study (52) that used an alkaline extraction assay has shown that the number of DSBs increases during senescence. Formation of extended deletions at the sites of DSB repair in presenescent and senescent cells may lead to the loss of genetic material and cell transformation. In addition to larger deletions at the site of a break, the persistence of DSBs due to lower efficiency of NHEJ could lead to the joining of inappropriate ends, giving rise to genomic rearrangements. We hypothesize that inefficient and aberrant NHEJ is a likely mechanism underlying the age-related genomic instability and higher incidence of cancer in the elderly.
Contribution of Inefficient NHEJ to Organismal Aging. The finding that end joining declines during cellular senescence may be directly relevant to aging, because senescent cells accumulate in older organisms (53) (54) (55) (56) . The studies that have analyzed DSB repair in aging have shown that cells from old mice contain more DSBs (13) . Furthermore, analysis of x-ray-induced DSBs in lymphocytes from donors of different ages showed an ageassociated decline in the repair efficiency (57, 58) . Thus, inefficient end joining in presenescent and senescent cells may contribute to the decline of DSB repair observed in aging organisms.
In the absence of efficient DSB repair, cells are more likely to die by apoptosis, as was shown for XRCC4-and Lig4-deficient mice, which die during the final days of gestation due to massive apoptosis (59, 60) . Accelerated cell death has been implicated in several diseases of an old age (61, 62) , and hence, an increase in cell death might be another mechanism by which inefficient NHEJ contributes to age-related pathologies.
Replicative senescence is an important mechanism for suppressing the development of malignant tumors in vivo. Because senescent cells are incapable of self-renewal, it has been proposed that cellular senescence might cause aging phenotypes such as immune failure, poor wound healing, skin atrophy, the decline of gastrointestinal function, etc. Furthermore, changes in The frequency of NHEJ events with insertions (A) and without microhomologies (B) among the clones rescued from young, presenescent, and senescent cells. The hatched bar represents the theoretically calculated number of junctions with zero nucleotides of homology if the ends were joined at random. The t test was used to estimate the significance of the differences between the expected frequency of randomly occurring microhomologies and the experimentally observed frequency. * , Statistically significant difference from random. cellular physiology and function that take place in senescent cells are thought to promote age-related diseases. For example, atherosclerosis has been proposed to be initiated by secreted proteins produced by senescent cells (63, 64) , and senescent cells have been proposed to act in progression of cancer by stimulating the growth of neighboring premalignant cells (65) . Our finding that senescent cells have inefficient and error-prone NHEJ provides an additional mechanism by which cellular senescence may contribute to the development of cancer in the elderly. 
